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The coxsackie and adenovirus receptor (CAR) plays key roles in
epithelial barrier function at the tight junction, a localization guided
in part by a tyrosine-based basolateral sorting signal, 318YNQV321.
Sortingmotifs of this type are known to route surface receptors into
clathrin-mediated endocytosis through interaction with the me-
dium subunit (μ2) of the clathrin adaptor AP-2, but how they guide
new and recycling membrane proteins basolaterally is unknown.
Here,we show that YNQV functions as a canonical YxxΦmotif, with
both Y318 and V321 required for the correct basolateral localization
and biosynthetic sorting of CAR, and for interaction with a highly
conserved pocket in the medium subunits (μ1A and μ1B) of the
clathrin adaptors AP-1A and AP-1B. Knock-down experiments dem-
onstrate that AP-1A plays a role in the biosynthetic sorting of CAR,
complementary to the role of AP-1B in basolateral recycling of this
receptor. Our study illustrates how two clathrin adaptors direct
basolateral trafficking of a plasma membrane protein through in-
teraction with a canonical YxxΦ motif.
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The coxsackie and adenovirus receptor (CAR) forms a com-
plex with junctional adhesion molecule L, which plays a key

role in inflammatory response, immunity, and tissue homeostasis
(1, 2). During embryo development, CAR is expressed pre-
dominantly in heart and brain, but after birth its expression is
most abundant in epithelial cells and brain (3). Importantly,
CAR is the primary receptor for group B coxsackievirus and
most adenovirus serotypes, facilitating their entry into body ep-
ithelia and thus contributing in a major way to human diseases
caused by these viruses (4). CAR is targeted to the basolateral
plasma membrane (PM) by the signal 318YNQV321 (5), thus
it belongs to a class of ∼12 basolateral PM proteins sorted by
a YXXΦ motif (Table 1). We recently reported that the clathrin
adaptor AP-1B is critically involved in the polarity and biology of
CAR, as epithelia lacking AP-1B constitutively, such as retinal
pigment epithelium, and Madin-Darby canine kidney (MDCK)
cells knocked-down (KD) of μ1B (B-KD MDCK), express CAR
at the apical surface, allowing efficient penetration of adenovi-
ruses from the apical side (6). B-KD disrupts the postendocytic
basolateral recycling of CAR, consistent with the localization of
AP-1B at recycling endosomes (7, 8), eliciting transcytosis to the
apical membrane, but does not impair the accurate biosynthetic
delivery of CAR (6). Two important questions remain unan-
swered on the mechanisms regulating the basolateral localization
of CAR: (i) how does AP-1B interact with CAR’s basolateral
signal, and (ii) what is the mechanism involved in its biosynthetic
delivery to the PM?
AP-1B belongs to a group of clathrin-associated sorting pro-

teins (CLASPs) with characteristic ability to bind different types
of sorting signals and to coordinate with clathrin the sorting
along endocytic and exocytic routes of various classes of mem-

brane proteins (9). The best-studied CLASP is the tetrameric
adaptor protein complex AP-2 (α, β2, μ2, σ2), which facilitates
endocytosis of a variety of surface receptors at the PM. Crys-
tallography and yeast two-hybrid (Y2H) assays have shown that
AP-2 interacts with YXXΦ motifs via a hydrophobic pocket in
the C-terminal portion of the medium (μ2) subunit (10, 11). AP-1
(γ, β1, μ1, σ1), the second best-studied CLASP, exists as the
epithelial-specific form AP-1B, a major regulator of basolateral
trafficking in epithelial cells (12, 13), and the ubiquitous form
AP-1A (9). Both adaptors are known to direct basolateral pro-
teins with sorting signals based on YXXΦ motifs along exocytic
routes; however, their interactions with these signals are far less
well characterized, both functionally and structurally, than those
of AP-2. AP-3 and AP-4 (AP-4 is not strictly a CLASP, as it does
not bind clathrin) have been reported to sort or interact with
basolateral proteins (14, 15), but the basolateral sorting roles of
these adaptors are still unclear.
Tyrosine motifs were identified as basolateral sorting signals in

epithelial cells years before their ability to interact with clathrin
adaptors was first reported (16). Initial evidence for this role was
provided by mutagenesis experiments that created a YXXΦmotif
in the cytoplasmic tail of apical PM protein influenza hemag-
glutinin (17, 18) and p75 nerve growth-factor receptor (19),
resulting in basolateral localization and increased endocytic rates
in MDCK cells, and by mutagenesis of tyrosine residues in low
density lipoprotein receptor, which resulted in loss of its normal
basolateral localization (20). Subsequently, many other baso-
lateral proteins have been shown to depend on tyrosine motifs for
basolateral localization (16, 21). However, none of these studies
has shown how a tyrosine motif contributes, through interaction
with specific clathrin adaptors, to the sorting of a membrane
protein along biosynthetic and recycling routes to the PM.
Here, we show that the basolateral signal of CAR behaves

as a canonical YXXΦ motif, with Y and Φ residues being critical
for basolateral sorting and interaction with clathrin adaptors AP-
1A and AP-1B, and demonstrate that AP-1A sorts CAR in its
biosynthetic pathway in cooperation with AP-1B. These experi-
ments, in combination with our previous study demonstrating a
role of AP-1B in postendocytic recycling of CAR (6), are unique
in illustrating how interactions between YXXΦ motifs and cla-
thrin adaptors direct a basolateral PM protein along different
exocytic routes to the PM.
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Results
Characterization of a YXXΦMotif That Drives Basolateral Localization
of CAR. CAR is a 46-kDa type I transmembrane protein with an
N-terminal signal peptide, an extracellular domain with two Ig-
like C2 loops, and a cytoplasmic tail that exhibits its basolateral
sorting signal (318YNQV321) and a PDZ-binding domain that
binds zonula occludens-1 protein (ZO-1) (Fig. 1A) (5). Bergel-
son and colleagues have shown that ablation of the cytoplasmic
tail and site-directed mutation of Y318 result in apical localiza-
tion of CAR in polarized MDCK cells (5); however, their study
did not explore the role of V321 in basolateral sorting and,
consequently, did not demonstrate that CAR’s basolateral signal
is a canonical YXXΦ motif. A review of a dozen basolateral
proteins that use YXXΦ motifs as basolateral sorting signals
(Table 1) indicates that only two of these studies characterized
the basolateral sorting role of the hydrophobic residue in the
position Y+3, known to be very important for interaction of
YXXΦ motifs with AP-2 and clathrin-mediated endocytosis.
Furthermore, none of these studies fully characterized how the
interaction of the basolateral sorting signal with specific clathrin
adaptors mediates basolateral sorting.
To test the hypothesis that 318YNQV321 is a canonical YxxΦ

motif, with both 318Y and V321 required for basolateral locali-
zation of CAR, we established MDCK cell lines expressing full-
length human CAR, either WT, or containing the mutations
Y318A or V321A, all tagged C-terminally with GFP and analyzed
their PM distributions by confocal microscopy (Fig. 1B) and do-
main-selective biotinylation (Fig. 1C). We observed that whereas
CAR WT was 96.5% basolateral, CAR-Y318A was drastically
depolarized (48.35% basolateral); however, CAR-V321A
remained largely basolateral (91% basolateral) (for statistical
analysis, see Table S1). The lack of effect of V321A on CAR
polarity might be a result of the fact that it is a conservative
substitution of a valine for another small and moderately hydro-
phobic amino acid; indeed, the nonconservative substitution
V321E caused a significant depolarization of full-length CAR
(69.9% basolateral; P< 0.05) (Fig. 1C and Table S1). All cell lines
used for these experiments showed a conserved basolateral dis-
tribution of Na/K ATPase (P > 0.05) (Fig. 1C; see statistics in
Table S1), indicating that the introduction ofWT ormutant forms
of CAR did not cause a generalized loss of epithelial polarity.
To study whether the basolateral sorting signal of CAR is

transplantable, we tested its ability to target basolaterally a chi-
mera of CAR’s cytoplasmic tail and the transmembrane and
extracellular domains of the apical marker p75 neurotrophin
receptor (p75) (Fig. 1D, Left). In the absence of cytoplasmic
sequences, p75 is targeted to the apical PM by signals in the
ectodomain (Fig. S1). We have previously used this approach
to study the basolateral signals of neural cell adhesion molecule
and monocarboxylate transporters (22, 23). Using surface im-

munofluorescence with a monoclonal antibody against the ex-
tracellular domain of p75 in polarized MDCK cells, we observed
that p75-CAR WT was localized preferentially to the basolateral

Table 1. Proteins with YxxΦ-based basolateral-sorting signals

Protein YxxΦ

Basolateral
sorting role of

Endocytic
activity

Interacting
adaptors ReferencesY Φ

CAR YNQV Yes Yes ? AP-1A AP-1B 5, present work
Influenza HA-Y543 YKSF Yes ? Yes ? 17, 18
VSV G protein YTDI Yes ? No AP-1B AP-3 15, 40, 41
p75 YSSL Yes ? Yes ? 19, 42
LAP YRHV Yes ? Yes AP-2 43
TGN38 YQRL Yes ? Yes AP-1A, AP-2, AP3 10, 44, 45
AE1 YVEL Yes Yes No ? 46
AGPR-H1 YQDL Yes ? Yes ? 47
HIV gp41 YSPL Yes ? Yes AP-1A, AP-3, AP-2 48, 49
hPVRa YSAV Yes ? ? AP-1B 50
LAMP-1 YQTI Yes Yes Yes AP-1A, AP-2, AP-3 45, 51

Bold indicates residues presumed key for basolateral sorting function.

Fig. 1. Mutation in CAR’s YXXΦ motif alters its basolateral distribution in
polarized MDCK cells. (A) Schematic representation of CAR indicating the
position and amino acid composition of its YXXΦ motif. (B) Confocal images
of MDCK cell lines expressing CAR-GFP WT or V321A, or Y318A (green).
(Scale bar, 10 μm.) (C) Domain-selective biotinylation showed more than 90%
of WT and V321A CAR at the basolateral PM, in contrast with only 69.9 ±
0.4% and 48.35 ± 6.6% of V321E and Y318A, respectively. The basolateral
polarity of Na/K ATPase was conserved in the different cell lines. Histogram
bars represent mean ± SEM. *P < 0.05, ***P < 0.001. (D) The extracellular and
transmembrane domains of p75 were cloned in frame with CAR’s cytoplasmic
tail, either WT or carrying the mutations Y318A or V321A. Surface immu-
nofluorescence using a monoclonal antibody against the ectodomain of p75
(green) shows basolateral localization of p75-CAR and apical localization of
p75-CARY318A and p75-CARV321A. Nuclei were stained with DAPI (blue)
and tight junctions with ZO-1 (red). (Scale bar, 10 μm.) See Table S1 for
statistical analysis of all comparisons.
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PM, whereas p75-CAR Y318A and p75-CAR V321A were lo-
calized preferentially to the apical PM (Fig. 1D, Right). These
experiments conclusively establish that: (i) the cytoplasmic tail of
CAR is sufficient to direct p75 to the basolateral membrane of
MDCK cells, and (ii) 318YNQV321 is a canonical YXXΦ motif
because Y318 and Φ321 are essential for its function as a baso-
lateral signal and the Φ321 position has plasticity to accommo-
date different hydrophobic amino acids.

YNQV Drives the Biosynthetic Delivery of CAR. How exactly does
YNQV contribute to CAR’s basolateral localization? To answer
this question, we investigated comparatively the biosynthetic de-
livery ofWT andmutant CAR using a recently developed surface-
biotinylation-avidin-shift (SBAS) assay that measures the surface-
delivered fractions as a fraction of the total radioactively labeled
pool of CAR (Materials and Methods) (24). We found that the
delivery of both CAR-Y318A and CAR-V321E to the basolateral
surface at 120 min was significantly reduced (Y318A = 13.71%
and V321E = 17.45% compared with WT = 56.56%, P < 0.05)
without a corresponding increase in apical delivery (Y318A =
14.39%, and V321E = 13.68% vs. WT = 13.34%) (Fig. 2; sta-
tistical analysis in Table S2). Thus, inactivation of the basolateral
signal leads to intracellular retention of newly synthesized CAR.
These experiments demonstrate that the basolateral signal of
CAR acts as a canonical YXXΦ motif, critically dependent on
both Y318 and V321, for the polarized biosynthetic delivery of
CAR to the basolateral PM.

YNQV Interacts with the Medium Subunits of AP-1A and AP-1B. Our
recent demonstration that clathrin is a key regulator of baso-
lateral trafficking (25) suggests that a clathrin adaptor may be
involved in biosynthetic delivery of CAR. To search for such an
adaptor, we screened by Y2H analysis the interactions of CAR’s
cytoplasmic tail with the medium subunits of AP-1A, AP-1B, AP-
3, and AP-4. These experiments demonstrated interactions of
CAR’s cytoplasmic tail with μ1A and μ1B, but not with μ3 and μ4
(Fig. 3A). Competition experiments with 3-Amino-1,2,4-triazole
(3-AT), a competitive inhibitor of the HIS3 gene product,
showed that the interaction with μ1B persisted in the presence of
up to 6 mM 3-AT, whereas the interaction with μ1A was abol-
ished by 1 mM 3-AT (Fig. 3A, Lower).
Analysis of progressive deletions of CAR’s C-terminal tail

identified a segment between amino acids 315 and 344, containing
318YNQV321, as the region responsible for the interactions with
μ1A and μ1B in Y2H plate assays (Fig. 3B). Alanine mutagenesis

of Y318 and V321 but not of N319 and Q320, abolished these
interactions (Fig. 3C), demonstrating that the interations involved
CAR’s basolateral signal. Further analyses of these interactions by
Y2H liquid-culture assays, which allow a more precise quantifi-
cation of their relative strength, demonstrated that alanine sub-
stitution of Y318 completely abrogates the interaction of YXXΦ
motif with both μ1A or μ1B, even after 7 d of culture (Fig. 3D). In
contrast, conservative and nonconservative substitutions of V321

(V321A and V321E, respectively) had stronger inhibitory effects
on the interaction with μ1A (Y318A = V321E = V321A < WT)
than μ1B (Y318A < V321E < V321A < WT) (Fig. 3D). These
results demonstrate that CAR’s basolateral signal 318YNQV321

behaves as a canonical YXXΦ motif not only in directing CAR’s
basolateral localization and polarized trafficking, but also in
mediating interactions with μ1A and μ1B.

Hydrophobic Pockets in μ1A and μ1B Interact with YNQV. Are the
interactions between AP-1A and AP-1B and CAR’s basolateral
sorting signal mediated by a hydrophobic pocket in μ1A or μ1B
similar to the pocket that mediates the binding of AP-2’s medium
subunit μ2 to YXXΦ endocytic motifs (11)? Comparative analysis
of μ1A, μ1B, and μ2 sequences demonstrates that the residues
defining the pocket in μ2 are conserved in μ1A and μ1B and might
mediate interactions with YxxΦ motifs (Fig. 4 A and B) (26).
Mutagenesis of conserved phenylalanine and aspartic acid resi-
dues in this pocket, F172A and D174S, completely abolished the
interaction of μ1A and μ1B with CAR (Fig. 4C). These results
demonstrate that AP-1A and AP-1B interact with a YXXΦ-based
basolateral sorting signal through hydrophobic pockets in their
medium subunits, similar to those present in μ2. The pockets in
μ1A and μ1B display differences in their ability to interact with
YNQV, which may translate into differences in their ability to
promote basolateral trafficking of CAR.

AP-1A Controls Basolateral Localization and Biosynthetic Delivery of
CAR. The demonstration that CAR’s basolateral signal interacts
with μ1A and μ1B suggests a role for AP-1A in the sorting of CAR
and provides a molecular basis for our demonstration that AP-1B
controls postendocytic sorting of this receptor (6). To charac-
terize the role of AP-1A, we studied the effects of knocking-down
AP-1A (A-KD), AP-1B (B-KD) as described elsewhere (24), or
both adaptors together (AB-KD) on the polarized localization of
CAR. Figs. S2 and S3 characterize cell lines used for these
studies, including a unique MDCK cell line stably knocked-down
for AP-1A.

Fig. 2. Polarized biosynthetic delivery of CAR is
driven by its basolateral sorting signal YNQV. (A)
Workflow for SBAS quantitative assay. This method
allows measurement of the fraction of CAR-GFP
delivered to apical or basolateral membranes (CAR
avidin-shifted) as a fraction of the total protein
synthesized (CAR avidin+biotin unshifted) radio-
labeled with a pulse of S35cysteine/methionine.
Amount delivered to each surface is calculated as:
[intensity of the CAR-GFP band (75 kDa) in minus-
Biotin lane] − [intensity of the CAR-GFP band (75
kDa) in plus-Biotin lanes]/(the intensity of the CAR-
GFP band in minus-Biotin lane) × 100. This approach
is superior to measuring the CAR-GFP displaced to
MWs > 75 kDa by streptavidin because these com-
plexes are more difficult to quantify. (B) Mutations
V321E and Y318A in CAR’s basolateral signal cause
intracellular retention of the protein after 120 min
relative to WT CAR (white bars; *P < 0.05). (Lower)
One representative experiment. Bars represent the
mean ± SEM (n ≥ 4). See Table S2 for statistical
analysis.
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As previously shown (6), B-KD caused a substantial loss of
CAR’s basolateral polarity (68.9%, compared with 95.7% baso-
lateral in WT MDCK cells, P < 0.001) (Fig. 5A and Table S3). In
contrast, CAR was normally polarized (98.4% basolateral) in A-
KD cells (Fig. 5A). Strikingly, AB-KD cells showed a larger loss
of CAR’s basolateral polarity than B-KD cells (57.1% baso-
lateral, P < 0.01). Interestingly, the decrease in CAR’s baso-
lateral localization observed in B-KD and AB-KD MDCK cells
was accompanied by a corresponding increase in CAR’s apical
localization (WT 4%, A-KD 2%, B-KD 32%, AB-KD 42%).
Parallel experiments demonstrated that AB-KD also reduced the
steady-state polarity of Na/K ATPase, although to a smaller
extent (WT 99.4% basolateral, AB-KD 78.5%). However, Na/K
ATPase polarity was not significantly affected by either B-KD
97.6%, or A-KD (99.4%) alone. These experiments establish
that AP-1A plays a role in the basolateral steady-state distribu-
tion of CAR.
Is AP-1A involved in biosynthetic sorting of CAR? To answer

this question, we studied the biosynthetic delivery of CAR in
single and double knock-down MDCK cells, using the SBAS
assay described above (Fig. 2) (24). We found that AB-KD in-
creased by ∼2.5-fold the apical missorting of CAR after 2 h of
chase (WT = 13.34%, AB-KD 31.60%) (see statistical anaylsis in
Table S4); in contrast, neither A-KD nor B-KD significantly in-
creased apical missorting of CAR (A-KD = 16.63%, B-KD =
11.63%) (Fig. 5B). In contrast with our results with CAR
mutants (Fig. 2), we did not observe any significant intracellular

retention of CAR upon knock-down of both adaptors involved in
its basolateral sorting. These results show that AP-1A controls
biosynthetic delivery of CAR in partnership with AP-1B.

Discussion
We chose CAR for this study because of the growing realization of
its physiological importance as a regulator of the barrier function of
epithelia and because its basolateral sorting signal consists of
a typical YXXΦmotif, 318YNQV321 (5). Our studies show that Y318

and a hydrophobic residue at position 321 are required for steady-
state basolateral localization of CAR (Fig. 1), for polarized biosyn-
thetic delivery of CAR to the basolateral membrane (Fig. 2), and
for interaction with the medium subunits of AP-1A and AP-1B
(Figs. 3 and 4), which are involved in basolateral trafficking of this
receptor (Fig. 5, further discussed below). Our experiments fur-
ther show that variations in the hydrophobicity of theΦ321 residue
causes variations in the strength of the basolateral signal (i.e.,
a differential ability to target basolaterally CAR versus the apical
marker p75) (Fig. 1). This type of variation likely contributes to
the variable polarity of PM proteins in different tissues, as recently
reported for monocarboxylate transporters (23) (for additional
discussion of this issue, see ref. 27). The results reported here are
unique in demonstrating how a basolateral PM protein with a ca-
nonical YxxΦ motif is sorted along its biosynthetic and recycling

Fig. 3. CAR interacts with μ1A and μ1B but not with μ3A or μ4 through
Y318 and V321. (A) Y2H assays demonstrated direct interactions of CAR’s
cytoplasmic tail with μ1A and μ1B. Competition with different concen-
trations of 3-AT shows that the interaction with μ1B was stronger than that
with μ1A. (B) Deletion analysis indicates that the interaction of CAR’s cyto-
plasmic tail with μ1A and μ1B involves amino acids 315–344. (C) Y2H assays
performed on plates showed that mutations Y318A and V321A but not
N319A or Q320A abolish CAR’s interaction with μ1A and μ1B. (D) Y2H assays
in liquid culture revealed variable interaction strengths between CAR and
μ1B depending on the specific V321 substitution. Positive controls of inter-
actions included double transformations with p53 and SV40 T-antigen, and
negative controls were obtained by cotransformation of p53 with activation
domain constructs and of SV40 T-antigen with BD constructs.

Fig. 4. CAR’s basolateral signal interacts with a conserved tyrosine recog-
nition pocket in μ1A, and μ1B. (A) Sequence alignment analyses demon-
strates that most of the amino acids conforming the pocket in AP-2 μ2 that
binds YxxΦ motifs are conserved in both μ1A and μ1B. (B) Modeling of μ1A
and μ1B based on the known structure of μ2 indicated conservation of the
tertiary structure of the pocket, with the exception of K420 in human μ2
which is replaced by P407 in μ1A and μ1B. (C) Mutations F172S and D174S in
μ1A and μ1B, involving phenylalanine and aspartic acid residues critical for
interaction with Y residues of YxxΦ motifs, block interaction with CAR’s
cytoplasmic tail. p53 and SV40 T antigen were used as positive and negative
controls, as in Fig. 2.
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routes through direct interactions with two clathrin adaptors.
Although this concept has been established by biochemical and
structural studies for interactions between endocytic signals and
AP-2 required for endocytosis (9, 11), it had not been previously
established for basolateral trafficking.
A second major result in this report is the identification of AP-

1A as a clathrin adaptor that regulates the basolateral localization
of CAR. A Y2H screen identified AP-1A and AP-1B as the only
AP adaptors that interact via their medium subunits μ1A and
μ1B with the basolateral signal of CAR (Fig. 3A). Further com-
puter modeling and Y2H experiments (Fig. 4) demonstrated that
these interactions occurred between the Y318 and V321 residues in
CAR’s signal and conserved phenylalanine and aspartic acid
residues in μ1A and μ1B, as previously shown for the interactions
between YXXΦ motifs and AP-2’s μ2 subunit required for re-
ceptor internalization at the PM. Biochemical trafficking assays
demonstrated that AP-1A KD causes a disruption of the bio-
synthetic delivery of CAR in the background of MDCK cells
previously knocked-down of AP-1B (Fig. 5). We do not have
a clear explanation of why knock-down of both AP-1A and AP-1B
cause apical missorting with little intracellular retention (Fig. 5B)
but ablation of CAR’s basolateral signal causes intracellular
retention of CAR with little apical missorting (Fig. 2B). All

experiments in this article together demonstrate that AP-1A
regulates, in cooperation with AP-1B, the biosynthetic delivery of
CAR through interactions of these adaptors with CAR’s baso-
lateral sorting signal.
What is the cellular compartment where AP-1A performs its

sorting function? Experiments in a separate study (24) indicate
that in polarized MDCK cells: (i) AP-1A localizes preferentially
to the trans Golgi network (TGN), whereas AP-1B localizes
preferentially to common recycling endosomes (CRE); and (ii)
AP-1A knock-down enhances trafficking of basolateral proteins
into CRE. These studies, together with previous work on AP-1B
(6, 8), support a scenario in which AP-1A controls biosynthetic
trafficking from the TGN to the basolateral membrane, whereas
AP-1B controls recycling of basolateral proteins and biosynthetic
trafficking of PM proteins that enter CRE upon exit from the
TGN. This scenario suggests a mechanism for the compensation
of AP-1A knock-down by AP-1B and is consistent with the well-
established function of AP-1A in promoting exit from the TGN
of various membrane proteins, such as the mannose-6-phosphate
receptor (28, 29), vesicular stomatitis virus (VSV) G protein
(30), and the K channel Kir 2.1 (31).
Our finding of a unique role for the ubiquitous clathrin adaptor

AP-1A in basolateral protein sorting is timely, as growing evidence
indicates that AP-1B is not a universal basolateral sorting adaptor.
For example, it has been shown that several epithelia do not ex-
press AP-1B—for example, liver (12, 32), retinal pigment epi-
thelium (6), and kidney proximal tubule (33)—and that knockout
of μ1B in mice is not lethal (34). That both AP-1A and AP-1B play
key roles in basolateral trafficking highlight the importance of AP-
1 as a master regulator of epithelial polarity, consistent with other
findings implicating AP-1 in neuronal polarity (35) and as a key
requirement in early development of multicellular organisms (36,
37). Recent observations indicating that AP-1B levels may be
decreased in some forms of Crohn disease and that mice knockout
for AP-1B develop colon inflamation (34), suggest that inves-
tigating changes in polarity of CAR may provide new avenues for
translational research in intestinal disease.

Materials and Methods
Cell Culture and Cell Lines. MDCK cells were maintained in DMEM containing
5% (vol/vol) FBS. WT and B-KD MDCK cell lines expressing hCAR-GFP and WT
MDCK cell lines expressing CAR-Y318A-GFP, CAR-V321A-GFP and CAR-
V321E-GFP were generated using selection in hygromycin (200 μg/mL). For
biochemical experiments, MDCK cell lines were plated at confluency (3 × 105

cells/cm2) on 12-mm Transwell chambers (Corning; Cat # 3412). Cells were
allowed to polarize for 3.5 d and medium was replaced every day. To knock
down μ1A transiently, we followed a previously published protocol (8) using
a μ1A-specific siRNA (GTGCTCATCTGCCGGAATT) (24). Briefly, WT or μ1B-KD
MDCK cells in suspension culture (4 × 106) were treated with 5 μL of 40 mM
siRNA and subjected to three rounds of electroporation with Amaxa
Nucleofector kit V, spaced every 3 d, and plated after the last round on
Transwell chambers at a density of 1 × 106 cells per 24-mm filter. RT-PCR and
Western blot were used to corroborate the absence of μ1A (Fig. S2).

Protein Modeling and Alignment. Alignment of μ1A, μ1B, and μ2 cDNAs from
human, fish, and frog was done with CLUSTAL software. Structural models
of human AP1M1 (μ1A), AP1M2 (μ1B), and AP2M1 (μ2) proteins were
obtained using the automated homology-modeling server SWISS-MODEL
(38). A crystal structure of rat AP2M1 generated recently (39) was applied as
the template to guide the structural alignment of human AP1M1, AP1M2,
and AP2M1 proteins. The SWISS-MODEL server positively scored final results.

CAR Biosynthetic Delivery Assay. Biosynthetic delivery of CAR-GFP to apical
and basolateral PM domains was measured by a recently described SBAS
quantitative assay (24) (Fig. 2). Briefly, [35S]-pulse–labeled MDCK cells were
chased in chase medium for various times, chilled with ice-cold Ca, Mg-HBSS,
and subjected to domain-selective surface biotinylation. Cells were rinsed
twice with ice-cold Ca, Mg-HBSS and once with 25 mM triethanolamine-HCl,
pH 7.8, 0.25 M sucrose, 0.5 mM Cl2Ca, 1 mM MgCl2 (BB) followed by two
successive 20-min incubations at 4 °C with 3 mg·mL−1 sulfo-NHS-LC-Biotin in
BB, added to the apical (0.6 mL) or to the basolateral (0.3 mL) sides. Cells were
rinsed twice with BB and incubated at 4 °C for 20 min with 40 mM ethanol-
amine-HCl in BB followed by a quick rinse with Ca,Mg-free HBSS. Cells were

Fig. 5. AP-1A and AP-1B co-operate in the basolateral sorting of CAR. (A)
Steady-state localization. Domain selective biotinylation demonstrates sig-
nificant loss of basolateral distribution of CAR-GFP in B-KD (68.93 ± 0.65%),
even higher in AB-KD (57.15 ± 0.55%) MDCK cells, relative to WT (95.92 ±
1.58%) and A-KD (98.37 ± 1.48%) in MDCK cells. Endogenous Na/K ATPase
was significantly depolarized only in AB-KD compared with WT, A-KD, or B-
KD MDCK cells. (B) Biosynthetic delivery. After 2 h of biosynthetic delivery,
AB-KD cells display 31.60 ± 3.47% of radioactively labeled CAR in the apical
membrane, significantly higher than WT (13.34 ± 2.13%), A-KD (16.89 ±
3.17%), and B-KD (11.63 ± 2.11%) MDCK cells. Symbols represent the Mean ±
SEM. All points were at least assayed in triplicate. See Tables S3 and S4 for
statistical analysis. **P < 0.01, ***P < 0.001.
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lysed in 50mMTris-HCl, pH 7.4, 150mMNaCl, 25mMKCl, 2mMEDTA, 1%Na-
deoxycholate, 0.1% SDS, 1% Triton X-100, supplemented with 1 mM PMSF
and 15 μg·mL−1 Leupeptin/Pepstatin/Antipain and 37 μg·mL−1 benzamidine-
HCl for 30 min at 4 °C. Lysates, cleared by centrifugation (18,000 × g for
10 min), were subjected to immunoprecipitation with rabbit anti-GFP anti-
bodies and protein A-Agarose. The immunoprecipitated protein was eluted
by boiling samples with 40mM Tris-HCl pH 9.0, 1.5% SDS and 20mMDTT (170
μL per sample) for 10min and divided into two identical 80-μL aliquots: (i) one
aliquot wasmixedwith 55 μL of a freshlymade solution of 500 μg·mL−1 avidin,
35% (vol/vol) glycerol, and 15 mg·mL−1 bromophenol blue in water (avidin
sample); (ii) the other aliquot was mixed with 55 μL of the same solution
supplemented with 3 mM biotin (biotin-avidin sample). Both samples were
incubated at 60 °C for 10 min and analyzed by SDS/PAGE. Avidin binds tightly
to biotinylated proteins in avidin-sample but not in biotin-avidin sample,
generating a shift in electrophoretic mobility that discriminates surface
(biotinylated) from intracellular (nonbiotinylated) proteins. The difference

between total and intracellular samples represents the amount of protein
transported to the cell surface. This assay quantifies the amount of cargo
proteins delivered to the apical and basolateral cell surfaces as a percentage
of the total amount of cargo protein (total = surface + intracellular) (24). The
difference between total labeling and the sum of apical and basolateral
labeling represents the intracellular fraction of the protein.

Statistical Analysis. Data were analyzed using one-way ANOVA followed by
the Bonferroni multiple comparisons posttest (GraphPad Prism).
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